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INTRODUCTION

Crash modeling of composite structures remains limited in application and has not been

effectively demonstrated as a predictive tool. While the global response of composite structures

may be well modeled, when composite structures act as energy-absorbing members through

direct laminate crushing the modeling accuracy is greatly reduced. The most efficient composite

energy absorbing structures, in terms of energy absorbed per unit mass, are those that absorb

energy through a complex progressive crushing response in which fiber and matrix fractures on a

small scale dominate the behavior [1,2]. Such failure modes simultaneously include

delamination of plies, failure of the matrix to produce fiber bundles, and subsequent failure of

fiber bundles either in bending or in shear. In addition, the response may include the significant

action of friction, both internally (between delaminated plies or fiber bundles) or externally

(between the laminate and the crushing surface). Figure 1 shows the crushing damage observed

in a fiberglass composite tube specimen, illustrating the complexity of the response. To achieve

a finite element model of such complex behavior is an extremely challenging problem. A

practical crushing model based on detailed modeling of the physical mechanisms of crushing

behavior is not expected in the foreseeable future. The present research describes attempts to

model composite crushing behavior using a novel hybrid modeling procedure. Experimental

testing is done is support of the modeling efforts, and a test specimen is developed to provide

data for validating laminate crushing models.

PREVIOUS RESEARCH

Several researchers have attempted finite element models of composite crushing behavior, with

varying degrees of success. The modeling approaches followed by previous researchers are

categorized by approach, and include models based on in-plane failure and damage mechanics,

as well as modeling efforts that attempt to model the crushing phenomenology in greater detail,

and hybrid modeling approaches that model crushing response via simplified empirical models.
Efforts in each of these areas are reviewed below I.

In-Plane Failure and Damage Mechanics

For efficient modeling, composite structures are often represented by shell elements. The

properties of the shell elements allow for arbitrary composite lay-ups and may allow failure and

property degradation of each individual ply to be predicted using either conventional in-plane

failure predictions or other damage mechanics models. Because such failure models do not

typically allow treatment of out-of-plane failures, particularly delamination, the general crushing

behavior of composites cannot be modeled. Such approaches are therefore more likely to be

effective for material and structural configurations that result in failure modes such as local

buckling, or are dominated by global effects such as tearing of a wall, than for failure modes that

result in wholesale destruction of the material. As a result, the success of these approaches is

more likely for material/structural configurations that have suboptimal energy absorbing

performance. Some of the efforts reported in the literature for modeling composite crushing

using these methods are reviewed in the following paragraphs.

i The following sections are largely derived from a conference paper entitled "Modeling Delamination Growth in
Composites using MSC.Dytran" presented by the author at the 2_'l Worldwide Automotive Conference, Oct. 9-11, 2000,
Dearborne, MI [3].



Haug et al. [4] describe a composites damaging model implemented in PAM-CRASH. This

model treats the fiber and matrix in a filamentary composite as distinct phases from which the

overall properties of the ply are derived. Damage parameters are introduced for the fiber and

matrix phases. The values of these parameters are determined based on volumetric and

deviatoric strain components in each of the phases. Elastic properties of the phases are reduced

according to the calculated damage parameters. Reference 4 describes some initial

investigations using this method to predict the crushing of composite tube structures, such as

might be used in automotive applications. The model appears to be successful for modeling

columns that fail in a local buckling failure mode or by progressive folding from one of the ends.

For a structure with a more brittle failure mechanism, the results appear less encouraging. Other

researchers have used and advanced this method. Kermanidis et al [5] used this approach to

model the crushing of a sinewave beam element. Comparison with experimental results is not

clear, but the crushing load appears to have been underpredicted. Kohlgrtiber and Kamoulakos

[6] used the PAM-CRASH bi-phase model, enhanced to handle fabric composites, to model the

crushing of carbon/Kevlar hybrid composite tube segments (roughly semicircular) as well as

simulated elements of helicopter subfloor structures. For the tube segment models, it was noted

that behavior such as delamination in the crashfront could not be modeled, and a more detailed

model using solid elements and breakable constraints at ply interfaces was attempted to produce

better results. For the larger structural models, a reasonable agreement between finite element

and experimental results is shown. However, photographs of the deformed specimens show that

failure is dominated by large-scale failures such as tearing at structural intersections and

buckling of walls, and that relatively little wholesale crushing behavior is evident. Johnson and

his collaborators [7,8] show additional models based on this approach.

Other damage mechanics models have been proposed. Faruque and Wang [9] present a model in

which elastic properties of a ply are degraded by two damage parameters controlled by tensile

strains in the shell element. The properties are related to the fiber principle directions, and do

not utilize a micromechanics approach as in the bi-phase model above. A modification of the

model to account for inelastic behavior typical of braided composites is also shown. Results for

a braided glass/vinylester tube are shown and compared with experimental results. Lee and

Simunovic [10] present a constitutive model for random fiber composites based on an

elastoplastic model. Progressive fiber/matrix debonding is predicted based on a statistical model.

The model is implemented in DYNA3D, and demonstrated for a problem involving the crushing

of a square tube. Failure is dominated by tearing of the composites at the corners. Tabei and

Chert [11] present a micromechanical model for composites. Various failure criteria are applied

to predict behaviors such as fiber fracture, matrix cracking, and fiber microbuckling. A model of

a square graphite/epoxy tube is shown, but no comparison with experimental results is made.

The failure mode in the finite element model appears to be a folding mode.

A different approach from the damaging models described above, based on classical laminated

plate theory, is presented by Matzenmiller and Schweizerhof [12]. This material model, called

the enhanced composite damaging model, is implemented in LS-DYNA as material types 54/55,

[12] and the subsequently refined composite damaging material types 58/59 [13]. The model

allows for conventional failure of plies predicted based on ply stresses and conventional strength

properties. However, a "crashfront" procedure is added to address the crushing response of
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compositestructures,albeit in an empirical fashion. An erosion featureis used to eliminate
elementsif the time step becomestoo small comparedto the original time step (roughly
equivalentto a maximumcompressivestraincriterion). A "crashfront" is then defined from
elementssharingnodeswith deletedelements.All strengthvaluesfor elementsin thecrashfront
are reducedby a softeningfactor, which is empirically determinedas the ratio betweenthe
crushingstressin atubecrushingtest,andthestresscorrespondingto first-ply failureunderaxial
compressionbasedon the in-planefailure theory. If effective,this shouldprovideanempirical
factor forcing the stressin the crashfrontto correspondto the tested value. Considering ply

degradation rules, however, it is not clear that softening each of the strength criteria will

correspond exactly to limiting the stress in this way. Furthermore, localized buckling of material
in the crashfront can derail the effectiveness of this method. Matzenmiller and Schweizerhof

[12] show correlations between experimental and finite element results for a 13-ply

glass/vinylester tube using LS-DYNA. A remarkable agreement is shown. The authors note,

however, that agreement was due to the ability of the model to capture the "local folding" failure

mechanism seen in the experiment. It is not clear how effective the approach would be for

splaying type failure mechanisms, in which delamination plays a larger role in the response and

the deformed shape may play a role in stabilizing the material in the crashfront. Results of a

similar model, this time of a tube triggered by an internal plug triggering mechanism, are

presented by Kerth and Maier in Reference 14. While the agreement with experimental results is

shown to be good, the authors note that a reason for the discrepancies that exist is that, "the

material model implemented ...cannot explicitly take into account delamination." An apparently

similar model is shown by Castej6n et al [15]. However, almost no details about the modeling

techniques are given.

Some recent efforts have attempted to introduce strain rate effects into the modeling of

composite structures. Feillard [16] modeled foam-filled e-glass/vinylester composites using a

modified Johnson-Cook mechanical law, with properties based on high rate tensile tests of the

glass mat material. Good correlations between experimental and finite element results are shown

for tubes specimens. However, the author notes that modeling problems remain relative to

accurate modeling of the bonding between the composite and the foam. Furthermore, it is not

clear how applicable this approach would be to composite systems other than the glass mat used

in the study. Philipps et al [17] present work on characterizing the response of composites to

high strain rates for application to crash models.

As noted above, there has been some success in modeling crushing of composite using

composite damage models based on in-plane characterization of composite laminates. However,

considering again the nature of the crushing event typified by the tube specimen shown in Figure

1, it is clear that a coupon tensile test produces a very different response from a crushing

specimen. The presence of crushing initiators in crushable structures produces damage at stress

levels below that associated with the intrinsic strength of the laminate. Thus, the success of a

crush modeling approach based on in-plane failure characterization may be limited to structural

concepts in which crushing failure is dominated by a local buckling failure mode. This may be

typical for automobile structures. However, higher-performance aircraft structures based on

graphite-fiber composites may not be well modeled by this approach.



Phenomenological Modeling of Composite Crushing

The failure and damaging models described above appear to be effective for structures whose

failure modes are governed by large-scale laminate failure or local instability. However, these

models (or perhaps any modeling approach based on modeling a laminate by a single shell) may

be limited in their ability capture the full range of behavior present in the crushing of a

composite specimen. Various authors have attempted to produce more detailed models of the

crush zone in composite structures. These efforts are reviewed in the following paragraphs.

Perhaps the earliest attempt to model the crushing behavior of composites was reported by Farley

and Jones [18]. They used a static finite element model to predict the crushing performance of

composite tubes. The laminate was modeled as an assembly of plate elements representing the

plies joined by springs representing the ply interfaces. Delamination was predicted using a

virtual crack extension technique. Correlation with experimental results was reasonable given

the limited phenomenology modeled. Similar models featuring progressive delamination growth

were developed by several researchers for more detailed application to crushing analysis.

Kindervater [19] describes a quasistatic finite element model used to study the initiation of

crushing damage in a composite laminate under quasistatic crushing loads. Initiation and

propagation of delamination damage was modeled by predicting failure in resin layers modeled

between plies in the finite element mesh. The author, with Vizzini, [20] developed a 2-D,

quasistatic finite element model applicable to the crushing of composite plates. Delamination

between plies was modeled based on strain energy release rates computed using the virtual crack

closure technique. The model qualitatively captured some of the physical behavior of plate

crushing, but due to the limited failure phenomenology included in the model did not yield

accurate predictions of crushing stress. Hamada and Ramakrishna [21] developed a finite

element model for the crushing of composite tubes that exhibit a splaying failure mode, in which

a single primary delamination divides the laminate into two fronds that are forced away from

each other by a wedge of compacted debris. The initial finite element mesh included a

representation of a pre-existing debris wedge and delamination crack. Extension of the central

crack separating the fronds was predicted by calculating a stress intensity factor, K, at the crack

tip. This approach is limited by its reliance on a predefined crush zone morphology and linear

computation as well as by limitations in the fracture mechanics used in the model.

More recently, finite element crash codes have been used to make detailed models of laminate

crushing. Bolukbasi and Laananen [22] modeled the crushing of a graphite/epoxy plate using an

enhanced version of the implicit code NIKE3D. Their model was essentially a rectangular mesh

of solid elements. An initial crack was assumed at the midplane of the laminate, and due to the

assumption that the resulting deformation would occur in a splaying mode only one half of the

laminate thickness was modeled. Strain energy release rates were calculated and used to predict

delamination at various ply interfaces. Boundary conditions near the outer supports were

released following failure of the material near the sides of the elements to mimic the physical

supports in the plate crushing test that was being modeled. The authors show a good correlation

between the computed and experimental crushing stresses, while noting that their results were

sensitive to the friction coefficient used for contact between the composite plies and the steel

crushing surface. Kohlgrtiber and Kamoulakos [6] modeled the crushing of a composite semi-

circular laminate using the finite element crash code PAM-CRASH. The laminate was modeled

by discretizing each ply separately. Plies were held together by multipoint constraints.
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Delaminationgrowth waspredictedbasedon the forcesresulting from the constraints. The
modelshowedqualitativeagreementwith experimentsin termsof thedeformationshape,though
the crushing force was underpredicted. Boonsuan[23] made somepreliminary attemptsto
model the initiation behaviorof graphite/epoxycompositeplates undercrushing loadsusing
MSC.Dytran. The results showeda strong relationshipbetweenassumedinitial delamination
geometriesandsubsequentdeformationshapesin thecrushzone. Tayet al [24] presentsomeof
the most detailedmodelsof the crushphenomenologyof compositelaminatesto date. They
modeled a detail of the crushing zone for a carbon/PEEKcomposite. The models are
phenomenologicallybased,andusean initial meshthat is designedto trigger a splayingtype
deformationmode. Becausesolid elementsareused,thereis apracticallimitation to thenumber
of ply delaminationsthat can be modeled. The authorspermitteddelaminationsat a smaller
numberof interfacesthanexistedin the physical structure(20 plies). Axisymmetric and 3-D
modelsof a portion of the ring of a tubestructurewere madeusing ABAQUS. Delamination
growth was predictedbasedon the tensile and shearforces generatedby tied connections
connecting nodes on opposite sides of a laminate interface. Reasonableagreementwith
experimentsis achieved. However, the authorsnote that the goal of accuratelymodelingthe
crushingbehaviorof acomposite"doesnotyet appearto havebeenachieved."

The modelsdescribedabovedemonstratethe potential aswell as the limitations for modeling
compositecrushing behavior by using finite elementmodels basedon simplified crushing
phenomenology.Goodcorrelationsareobtainedin manycasesusingmodelsthat do not fully
captureall aspectsof crushingdamageobservedexperimentally,provided sufficientattentionis
givento the aspectsof crushingthat mostdirectly controltheresponse.However,evenif highly
detailedmodelsof laminatecrushingwerepractical for modelinga compositelaminateor tube
test, suchan approachwould still be unlikely to beeffective for crashanalysis. The relevant
lengthscalesof adetailedcrushingmodelwouldneedto beon theorderof theply thickness(to
account for delaminationor the formation of ply bundles, for example). Therefore, the
computationalburdenimposedon alargestructuralmodelby theinclusionof detailedmodeling
of crushableelementswouldbetremendous.

Hybrid Analyses

Hybrid modeling techniques have been used to incorporate experimental crush modeling data

into crash analyses. By this method energy-absorbing components are modeled by way of one-

dimensional spring elements whose properties are derived from tube crush test data, for example,

rather than attempting to model complex crushing behavior directly. Such an approach is

employed in crash codes such as KRASH or DYCAST [7]. In principle, it is possible to

implement this modeling strategy into a detailed finite element crash model. However, success

of this method depends on the ability to treat the energy absorbing elements as discrete members

that do not otherwise effect the response of the structure. If an energy-absorber has a dual role,

such as serving as a floor beam that transmits bending moments across the structure in addition

to absorbing energy, there is difficulty in applying this method. Also, this method may not

properly identify failure modes such as global buckling of an energy absorbing element, or other

global failures, and it may be difficult to properly account for the effects of differing loading

conditions on the response of the energy absorbing members.

5



PRESENT RESEARCH

Based on a review of previous laminate crushing modeling efforts, it is clear that an alternate approach

is needed for practical modeling of composite crushing as part of a crash analysis of a vehicle

structure. The present research studies an approach to modeling laminate crushing through a variation

on the hybrid modeling approach described above. Here, hybridization based on experimental crush

test data will occur on an element level rather than on the level of an entire structural subcomponent as

with earlier hybrid models. The method is similar to models based on in-plane fracture laws and the

Composite Damaging model described in References 12 and 13. However, in the current approach,

when crushing is predicted in an element the response of the complete laminate will be governed

entirely by test data from laminate crushing tests rather than continuing to use conventional ply or

laminate failure data. Ply-by-ply analysis and failure criteria are then no longer considered. Both

laminate crushing response (obtained using tube or plate crush test specimens) and conventional ply

failure properties will be used to define the response of an element. Typically, the hybrid elements

behave as conventional composite shell elements. The stress state is monitored, however, and if

threshold values are exceeded, the element properties are altered to behave in a fashion consistent with

the crushing properties of the composite laminate. To mimic the behavior of crushing initiators in

composite specimens or composite structural configurations, a switch is assigned to each element.

This switch is initially active for elements located in proximity to crushing initiators, and is activated

in adjacent elements when crushing conditions are predicted in an element. In this way, simulated

crushing damage can able to progress through a laminate, but crushing will not be self-initiating in all

elements. Thus, large stresses occurring away from sites of existing crushing damage will lead to

conventional ply failures, rather than simulated crushing damage in that region.

The use of this hybrid element technique necessitates conducting laminate crushing tests as part

of a composite structural modeling technique. Laminate crushing tests are relatively easy to

conduct, and therefore may not present a substantial additional testing burden, though the

possible need for dynamic crush testing will increase the expense. However, because physical

models of crushing damage are not foreseeable for general crashworthy composite structures,

this burden may be unavoidable if the benefits of crash modeling are to be enjoyed.

The present research is comprised of experimental and computational aspects. The experimental

portion of the program is directed toward obtaining the necessary crush test data for use in the

computational studies and to generate test data for validation purposes. Quasistatic plate crush testing

using a test fixture as described in NASA CR-4526 [25] is used for basic input data. Test articles

based on a different test geometry are developed to provide data useful for validation of computer

models. The test article is intended to be simple in geometry, yet offer sufficient modeling complexity

to thoroughly test the capabilities of the modeling procedure. Interaction between conventional ply

failure, instability effects, and laminate crushing is therefore desirable for these test articles. Column

specimens formed by the intersection of fiat laminates are used for this purpose. The computational

portion of the research involves investigation of the proposed modeling procedure. The procedure is

implemented using the Finite Element crash code MSe.Dytran [26]. Models of simple structural

geometries are made using the procedure. Because of difficulty in implementing the procedure, only

simple configurations are studied. In addition to studying the proposed modeling procedure, the

existing LS-DYNA enhanced composite damaging model [12] is studied to evaluate its utility for

modeling laminate crushing.
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EXPERIMENTAL PROGRAM

The experimental program had two purposes: to provide input data necessary for semi-empirical

finite element crash modeling efforts and to provide data for validating computer modeling

approaches. The test specimens used include flat plate specimens crushed in a support fixture as

described in Reference 25 and X-shaped column ("X-column") specimens representing the

intersection of two flat laminates developed for this effort. The flat plate specimens are

primarily needed to generate input data for crush models, though these specimens were also

modeled using LS-DYNA, as noted below. The X-shaped column specimens were used to allow

crushing of flat laminates without the constraints of the plate fixture and to provide data to

facilitate validation of crush modeling procedures. A single material, IM7/8552 unidirectional

graphite/epoxy, was used for all specimens. All laminates were based on the [_+45/0]s laminate,

which is common among studies of the crushing response of composites. For modeling

simplicity, laminates were primarily based on ply-level scaling in which multiple plies at the

same angle are grouped together to increase the thickness [27]. As will be noted below, this

caused problems with the crushing performance of the specimens due to an increased prevalence

of delamination. Some of the X-column specimens were produced using a different lay-up

scheme. All specimens were fabricated that the Composites Research Laboratory at the

University of Maryland, College Park. The following sections outline the experimental

procedures and results from the experimental program.

PLATE CRUSHING

Results from plate specimen testing are summarized in this section. Additional detail may be

found in Reference 28, from which much of the discussion in this section is based. Flat plate

specimens were crushed using the fixture type described by Lavoie, Morton and Jackson in

Reference 27. In this fixture, flat laminates are supported on the sides between knife-edge

supports and end loading is introduced through flat loading surface on the top and bottom. For

the present research, some modifications were made to the fixture design. The fixture in

References 25 and 27 was built to support a scaling study, and could be used with two different

plate dimensions. The present fixture was built to accommodate a single specimen width of 89

mm (3.5 inches) between the knife-edge supports. To reduce machining costs, and to avoid

expensive refurbishment costs if the crushing surfaces of the loading fixture are degraded due to

use, removable inserts of hardened steel were used for the crushing and loading surfaces while
easier-to-machine medium low-carbon steel was used for the other flat surfaces of the fixture.

Rather than using shims to adjust the thickness between the knife edge supports, set-screw were

manufactured into the fixture to allow continuous adjustment of the knife-edge supports up to a

maximum specimen thickness of about 5 mm. A photograph of the modified fixture is shown in

Figure 2. The removable hardened steel surfaces are visible above and below the specimen. Set

screws for adjusting the knife edge supports are visible on the central vertical rods.

Specimens were crushed under quasistatic loading conditions using a 267kN (60 kip) capacity

hydraulic testing machine. The testing machine is manually controlled. Average loading rates

are displayed on a computer monitor during the test, and the controls are adjusted to achieve the

desired quasistatic displacement rate. In practice, the desired loading rate could be achieved

within a few minutes. Because of the slow loading rate and the duration of the tests, most of the

measured crushing response is therefore at the desired loading rate. Load was measured using a



133kN (30kip) capacityloadcell portedthroughadigital indicatorto provideananalogvoltage
output. A LVDT with a total strokeof 6 incheswasusedto measuretheoverall strokeof the
testingmachine.DatawerecollectedandrecordedusingLabVIEW dataacquisitionsoftware. A
schematicof thetestingset-upis givenbyFigure3 [28].

Specimensfor flat plate crushingwere fabricatedfrom IM7/8552 graphiteepoxy. Specimens
wereinitially manufacturedto dimensionsof 102x140mm (4x51A)inches,with a machinedin
steeplechamferalongoneedge. A schematicof a typical specimenasmanufacturedis givenin
Figure 4(a) [28]. Specimenswere manufacturedin the following lay-ups: [(+_45)2/02]s,
[(-+45)3/03]s, [(+45)3/06]s, and [(-+45)2/05]s.

Plate Crushing Results

Initial crush testing using the simple steeple chamfer (Figure 4(a)) showed poor performance.

During initial loading, large delaminations popped in between the _+45° and 0 ° ply groups.

Subsequent response was dominated by large-scale instability rather than a desirable progressive

crushing failure mode. Trigger modifications were pursued to improve the initiation. Two types

of trigger modifications, illustrated in Figure 4(b) and 4(c), were used: notches and slits, both

used in conjunction with the existing steeple chamfer. The crushing response was considerably

improved by the trigger modifications, as illustrated by representative load-displacement curves

for the [(+45)2/05]s laminate with each of the trigger types shown in Figure 5 [28].

For either the slit- or notch-modified triggers, the resulting failure mode was essentially a

splaying mode, in which the +45 ° ply groups moved away from the centerline essentially intact

while the 0 ° plies, contained by the fronds formed by the angle ply groups, were more heavily

damaged. Relatively little damage other than tearing at the location of the knife edge supports is

evident in these sublaminates. This behavior is different than is observed in other similar

crushing specimens using different graphite/epoxy systems. For other graphite/epoxy specimens,

substantial splitting between fibers is observed in angle plies [2,29]. The present behavior may
be due to the matrix material used (Hexcel 8552 epoxy), which is categorized as a "Mid-

Toughened" epoxy resin system. It is not clear that this was ultimately beneficial for the

crushing response. Indeed, the energy absorption performance of the present specimens is

relatively low as compared with other graphite/epoxy systems, as will be shown below.

The specific sustained crushing stress (SSCS) is defined according to standard practice [ 1,2] as:

sscs = e,,,.,,
pA '

where Pave is the average crushing load during sustained crushing, p is the density of the

material, and A is the cross-sectional area. The SSCS may be considered to be the energy

absorbed per unit mass of material available during sustained crushing. The trigger ratio is
defined as the ratio between the maximum load during triggering and the average crushing load.

In one case, no clear peak initiation load could be identified, and hence no peak load or trigger

ratio is reported in Table 1. No results are presented in Table 1 for the [(_+45)3/0a]s laminate, for

which no successful crush tests were completed. Table 1 compares SSCS for all specimens
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testedbasedon the trigger used2. For the [(-+45)3/03]s, the results are insensitive to the trigger

used. For the [(+45)z/05]s laminate, the results are fairly consistent for the modified triggers

(notch, slits), but poor for the simple steeple chamfer. The values of SSCS determined for these

laminates are consistent with values of SSCS for graphite/epoxy systems reported by other

researchers, which vary between about 40 and 100 kJ/kg [29-31]. Thus, although the failure

mode is somewhat unusual, the overall response is consistent with other researchers, suggesting

that the triggers used in this study produced adequate crushing response.

X-COLUMN SPECIMENS

Column specimens with an "X-shaped" cross-section were produced to explore the crushing

behavior of fiat laminates without the restrictions of the crushing fixture used for plate

specimens, and to collect data that can be used to validate modeling efforts. A photograph of a

typical specimen of this type is shown in Figure 6. The testing procedure for this type of

specimen is essentially similar to that used for tube crushing. The test specimen is similar in

some respects to the "cruciform" specimens described in Reference 6 and is similar to specimens

used to study "subfloor intersections" in Reference 32. However, the cruciform elements in

References 6 and 32 contain special intersections for attaching intersecting beam-like segments.

In Reference 6, the intersection produces a tube-like geometry. In Reference 32, various

attachment types are considered, essentially acting as splice plates between intersecting beams

with "C-channel" shapes. The studies in References 6 and 32, and similar studies using

sandwich beams [33], were directed toward structural applications. The present specimen is

intended to explore the crushing of fiat laminates, and contains no additional structural material

at the intersection. Rather, a planar junction at the intersection is achieved through the

manufacturing process. Notice in Figure 6 that no mechanical or adhesive fastening is used to

join the intersecting laminates in the specimen.

Specimen Manufacturing

A manufacturing procedure was developed using wet lay-up composites to produce initial

prototype specimens then modified for graphite/epoxy preimpregnated tape. Specimens are laid

up on a four-piece aluminum mold shown in Figure 7. The lay-up procedure is illustrated in

Figure 8 for the wet lay-up prototype specimens. The lay-up steps are essentially similar when

preimpregnated tape is used. Angle plies are continuous along adjoining angles of each segment

of the mold as shown in the first picture in Figure 8. Axial plies are then added before adjoining

segments of the mold are joined. Pins are used to assist the alignment of the mold segments.

The completed mold is then placed in an envelope vacuum bag and cured. Specimen curing for

the prepreg specimens is conducted in an autoclave whereas the wet lay-up prototypes were

allowed to cure under ambient conditions. Specimens were trimmed using diamond grit tooling

to the nominal specimen dimensions shown in Figure 9 (note that various lengths were used for

the specimens tested here). Triggers were added at Florida Tech.

2 This table is derived from Reference 28. Data for the [(---45)3/03]s lay-up have been corrected from data in Reference 28 by
fixing a calculation error from the data contained therein.
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Two setsof graphite/epoxyprepregx-column specimenswere manufacturedfrom IM7/8552
graphite/epoxyat the CompositesResearchLaboratoryat the University of Maryland,College
Park. Onesetof specimenswith a lay-upof [+453/03]swasproducedin specimenlengthsof 102
mm (4 inch) (2 specimens)and76 mm (3 inch) (1 specimen).Thesespecimensaredesignated
XI-1, X1-2 andX1-3. A secondsetof specimenswith a lay-upof [(+45/0)3]_wasalsoproduced
with 3 specimenswith a76mm (3 inch) length,andonewith a 51mm (2 inch) specimenlength.
ThesespecimensaredesignatedX2-n, wheren is the specimen number.

The intent for the X-column specimens was to use the same material and lay-ups as tested in the

plate crushing fixture. As noted above, effective triggering was difficult with these specimens,

and it is expected that triggering would be even more difficult with the X-column specimen

arrangement. Preliminary testing of X-column specimens using a steeple chamfer showed very

poor results. Crushing was not initiated, and global instability of the test part occurred. In

addition, the steeple chamfer was difficult to install on the X-column specimens. The nominal

trigger configuration selected for the remaining X-column specimens was therefore a plain

chamfer configuration as shown in Figure 10. This type of chamfer is easy to machine, and it

was hoped that this configuration would initiate greater crushing damage in the angle plies and

reduce the tendency toward large-scale delamination response. This is verified, to an extent, by

testing one of the [(+45)3/03]s plate specimens with the plain chamfer and comparing results

from other trigger types. Figure 11 compares load displacement results for this lay-up using

plain chamfer and steeple chamfer. The peak load is greatly reduced for the plain chamfer while

the subsequent response is largely similar. Chamfer was introduced in the specimens using a

hand-held rotary tool, and thus there was noticeable variability in the results, and it was not

possible to achieve the desired "sharpness" in the trigger region. The "point" of the trigger was

typically somewhat blunt compared to the desired angle. Because chamfer cannot be introduced

at the intersection, all material was removed from the center of the specimen to the nominal

depth of the chamfer. For symmetry, the chamfer was applied to a consistent edge moving

clockwise around the specimen. The nominal chamfer configuration can be seen in the

photograph of a typical specimen shown previously in Figure 6. Because of the propensity

toward global instability in the plate column specimens, it was essential that effective triggering

be achieved. Indeed, this was not always the case, and specimens were modified to promote

more effective crushing. This included altering the trigger, reducing the width of the long legs of

the cross-section on some specimens, and altering the specimen length.

To evaluate the test specimen, samples were prepared from unidirectional IM7/8552

graphite/epoxy with two lay-ups, [+453/03]s and [(+-45/0)3]s. One end of each specimen was

chamfered to provide a crushing initiator, and specimens were crushed against a hardened steel

surface under quasistatic loading conditions. Variations in the x-column specimen geometry (the

length of the specimens and the width of the "legs" of the cross-section) were also made to

explore the influence of the specimen geometry on the observed behavior. Due to budgetary

limitations, only a small number of test specimens were produced. The number of specimens is

sufficient to evaluate the utility of the method, but not necessarily sufficient for thorough

statistical representation of the performance of a given material or lay-up.
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X-Column Crushing Results

Testing of the X-column specimenswith the [±453/03]slay-up wasdisappointing. Triggering
producedlarge-scaledelaminations,perhapsgreaterthanwereobservedin the plate specimens,
andinstabilitydominatedtheresponse.For thespecimenwith normalcross-sectiondimensions,
a steeplechamfer,and a four-inch length (XI-1), the responseis illustrated in Figure 12. The
peakloadfor this casewasbelow5kN, andthetestwashalted. Becausetriggeringwaspoor in
this first test, trigger modificationswere pursuedaswith the plate specimens.The chamferin
specimenXI-2 wasmodifiedby theadditionof slits,spacedsimilarly to thoseusedpreviouslyin
the plate specimens. This wasnot effective, particularlydue to instability effectsat the free
edgesof the specimen,as illustrated in Figure 13. Specimendimensionswere studiedby
modifying the damagedspecimenXI-1. Damagedmaterialwasremovedfrom oneend,andthe
width of the longer arms was reduced to discouragebuckling. The resulting specimen,
designatedXl-lb, had nominal dimensionsas shownin Figure 14. A plain chamfer trigger
(Figure 10)wasusedfor this case.Crushingperformancewasimprovedcomparedwith theX1-
1test,but largedelaminationsandlocal instability still dominatedtheresponse.SpecimenX 1-3
with plain chamferlikewise initiated in a modedominatedby local instability nearthecrushing
surface,andlargedelaminationsbetweenthe ply groups. Crushingwasallowedto proceedin
this specimento determinewhetherprogressivecrushingdamagewould develop. The sequence
of damagein this specimenis illustrated in Figure 15, which shows the predominanceof
instability in the response,and the presenceof delaminationsgrowing the entire lengthof the
specimen. Following crushing, the angle plies sublaminateswere largely intact. Load-
displacementcurvesfor thethreespecimensof this typeareshownin Figure16. The highinitial
peaks in each of the casesillustrate the ineffectivenessof the triggering for thesecases.
Although it was expectedthat instability would be a significant issuewith thesespecimens,
basedon the resultsof the plate crushingtestseffectivetriggering shouldhavepermittedmore
favorableresponse.For purposesof comparison,specificsustainedcrushingstressvalueswere
computedbasedon theload-displacementcurvesin Figure 16. Theseresults,aswell asthosefor
otherX-column specimens,aresummarizedin Table2. It shouldbenotedthatthefailure modes
observedarenot trueprogressivecrushingmodes,andtheextensionof delaminationsalongthe
entirelengthof thespecimenrendersthesevaluesof SSCS specific to the specimen length tested

only, and they are not reliably representative of the material and lay-up. The results are low as

compared with the plate crushing results for the same material using a similar lay-up. Values of

SSCS for the [(±45)3/03]S lay-up tested in the plate crushing fixture ranged from 45-61 kJ/kg for

the various triggers used, as described above. Note that for specimen Xl-lb, two values of

SSCS are reported, the first based on the portion of the curve from 10-22mm crushing

displacement, before the substantial load drop due to an instability that occurred at about 22mm

of crushing displacement, and the second including all post-initiation data.

Although the initial intent was to use laminates for which plate crushing data were available for

the X-column specimens, the poor performance of the X1 specimen type demonstrated that a

different lay-up was necessary for the remaining tests. Although instability could be managed by

altering the specimen dimensions, the prevalence of delamination and its detrimental effects on

the response could only be controlled by altering the lay-up. A distributed lay-up with smaller

thickness of ply groups would reduce the tendency toward delamination. Thus, the second set of

specimens was fabricated with a [(+45/0)3]s lay-up.
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The performanceof the [(-+45/0)3]sspecimenswas markedly improved over the previous
specimentype. Triggering wasmuchmoreeffective,althoughdelaminationand ply separation
remain key featuresof the crushing response,as in the plate specimens. The scale of the
delaminationswas greatly reduced for the [(+45/0)3]s lay-up as compared with the X1

specimens, and the overall level of damage in the specimens was considerably greater. This is

reflected by the significantly higher SSCS values reported in Table 2. No value of SSCS is

reported for specimen X2-1 because due to the short specimen length, splitting between plies

reached the full length of the specimen before sustained crushing was observed. The

substantially increased SSCS for specimen X2-3 which has reduced cross-section dimension

compared to the other X2 specimens, is due to the increased stability of the specimen, indicating

that the specimen fulfills the purpose of presenting behavior that contains both crushing and

instability response within a single specimen. Load-displacement curves for all X2 specimens

are given in Figure 17.

Discussion

For the material tested, in both the column specimens and using the flat plate crushing fixture,

crushing (when it occurred in the absence of global buckling) was predominately in a splaying

mode. Delamination at the interfaces between the angle plies and the axial plies allowed the

formation of fronds of material that stayed largely intact during testing. The IM7/8552 material

proved to be very resistant to damage. Even when a frond of material was bent to almost a 90"

angle with a tight radius of curvature, little cracking or matrix failure was visually evident. This

is illustrated in Figure 18, which shows a detail of the crushing response from specimen X2-3.

Axial fibers near the center of the laminate, particularly near the intersection in the column

specimens were more highly constrained and experience substantially more fracture with a

smaller characteristic debris size (see Figure 19). The overall crushing behavior of the X-column

specimens was relatively complex, with variations of failure behavior from specimen to

specimen or even between different arms of the same specimen. Figure 20 shows a detail of

crushing damage at approximately the same displacement level on each of the four arms of

specimen X2-2. Note that pairs of "legs" have different widths on this specimen. In these

pictures, it is seen that the while the behavior is similar for each of the two narrow sides of the

specimen, and for each of the two wider sides, that the response of the narrow and wide sides of

the specimen is different. In particular, the length of the delaminations is longer on the wider

sides, and damage is greater near the central part of the laminate on the narrow sides. As is

expected from plate buckling theory, instability is a greater factor when the arm width is larger.

On several occasions, the failure mode observed in a single arm of wider dimensions would

involving local buckling or failure of the complete laminate thickness, such as is shown in Figure
21.

The ability to alter the crushing mode and to promote interaction between crushing and

instability was a goal of the specimen design. This is intended to present a challenge for crush

modeling efforts and to allow data to be collected to validate crushing models and to determine

their ability to distinguish between laminate crushing and instability-dominated failure modes.

One of the most interesting aspects of the X-column crushing specimen from the standpoint of

providing data for the validation of finite element crushing models is the ability to observe the

evolution of crushing damage in real time as the test progresses, rather than only through

postmortem sectioning and inspection. Because of the nature of the free edge in the specimen,
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the progressionof damagethrough the laminate thicknessthat would be hidden in a tube
specimenis visible, at least in part. Figures18-21 graphicallyillustrate the level of detail of
observationof crushingdamagethatcanbemade. A morecompletepictureof thecrushingof
an X-column specimenis given in Figure22, which illustratesthecrushingof specimenX2-2
over a total crushingdisplacementof over 40mm. This sequenceof photographsillustrates
damagein different portionsof the specimenat differentpoints in the loading sequencefrom
damageinitiation to post-mortemstudy. A variety of failure processesare evident in the
photograph,allowingquantitativeanalysisof thesemechanisms.
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FINITE ELEMENT MODELING

ENHANCED COMPOSITE DAMAGING MODEL

Because the Enhanced Composites Damaging (ECD) model contains features similar to the

proposed modeling technique and to get a better understanding of current composite crush

modeling capabilities, study of LS-DYNA's Enhanced Composites Damaging Model [12] was
made.

For initial study of the method, models of laminated plates crushed in the plate crush test fixture

described above were made. Details of the modeling procedures may be found in Reference 28,

from which much of the present section is derived. Because the experimental plate crush data

are directly used in the ECD model via the "SOFT" parameter that reduces ply strengths in the

crashfront, it should be expected that there would be a strong correlation between the

experimental and finite element results for the simple laminated plates. This is indeed the case,

as can be seen in Figure 23 from Reference 28, which compares load-displacement results

between the experiment and the LS-DYNA model for one lay-up, and Table 3 [28], which

compares finite element and experimental results for all lay-ups for which experimental results

are available. Examination of the finite element displacement shapes, however, suggests caution

in evaluating the success of the model. Typical deformed shapes are shown in Figure 24. Note

that the response is largely driven by local instability of the laminate near the crushing surface.

Little action of the crashfront procedure is evident, and only a small number of elements are

deleted following initiation. The primary action of the crashfront procedure appears to be in

limiting the load level prior to the onset of instability. Thus it is clear that although the

quantitative values produced by the model are reasonably accurate, the model does not

accurately predict the crushing behavior.

A more difficult test of the ECD material model is made by modeling the crushing of

graphite/epoxy truncated cones [34,35]. In these previously published tests, truncated cone

specimens of various taper angles were loaded in an off-axis fashion by cutting the ends at an

angle to the cone axis. The cone specimens were then loaded between their ends under

quasistatic crushing loads. Figure 25 (from Reference 35) contains a schematic drawing of the

cone geometry. A photograph illustrating the experimental test is given in Figure 26. Note the

appearance of splaying behavior wherein the laminate separates into two major portions, one of

which is forced into the interior of the specimen, and the other which moves away from the

specimen. Because of the off-axis loading condition, damage is not uniform around the

perimeter of the specimen [35]. A typical deformed shape for the same case modeled using LS-

DYNA's ECD model is shown in Figure 27. The model fails to accurately capture the response

of the experimental cone. The model exhibits instability of elements in the trigger region

followed by folding behavior, as shown in Figure 27. In the LS-DYNA model, the crashfront

does not progress beyond the first trigger element layers. Maier [36] models the crushing

response of a different conical specimen and appears to show a similar disparity between the

finite element and experimental deformation shapes. Additional models of these truncated cone

specimens were made by Jayachandran and reported in Reference 28. Comparison of load-

displacement response between experimental and LS-DYNA models for various cases are given

in Figures 28-32 [28]. Comparison of computed SSCS values for the various cases tested arc
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given in Table 4. Despite poor agreement between the finite element and experimental

deformation shapes, the SSCS predicted by the FE models is reasonable. However, as with plate

specimens, this favorable comparison appears to be largely due to the "SOFF" factor ensuring

that initial folding instability is triggered at approximately the experimentally determined crush

stress. Progress of the crashfront is not seen in the LS-DYNA models.

HYBRID CRUSHING ELEMENT

This section describes the development of the proposed hybrid technique to employ conventional

laminate crushing data in a finite element crash model. This approach differs from the enhanced

composite damaging model in LS-DYNA in that when crushing is detected in an element the

behavior of the element changes completely to an empirically derived load-displacement

response representing crushing of the complete laminate. No ply-by-ply analysis is conducted

following crushing initiation. MSC.Dytran was selected for the present modeling effort.

EXCOMP, the user-defined orthotropic failure model for shell composite laminates is used to

implement the model. A prototype version of the procedure has been tested for limited cases.

An outline of the development steps followed and the current status follows, Although limited

success has been achieved with simple models, additional development is needed before the

approach can be applied to crash models.

As a first step, models using I-D spring elements were prepared and implemented through user-

defined spring property subroutines to study fundamental aspects of the desired procedure and its

implementation within Dytran. In these models, the force displacement characteristic of an

element in compression was represented as shown in Figure 33. This is an idealized

representation of typical laminate crushing response. The key issue studied by the spring models

pertained to the progression of the crashfront. In a process mimicking the triggering and

progression of crushing damage in a test, elements adjacent to an element in the crashfront are

added to the crashffont when the active crashffont element reached the exhaustion displacement,

_. Elements not identified as being part of the crashfront behaved as simple elastic springs. The

spring element models were useful for learning how to work with Dytran's user subroutine

procedures and for identifying modeling issues that would be faced by later models as well.

Among the issues identified through the spring element tests are the following: 1) At large

crushing displacements the time step becomes small, increasing required computation time. 2)

Because of the difference between the element length and the "exhaustion displacement," Be, the

physical length of the crush zone increases as each element is fully crushed. This causes

problems with lateral instability of the stack of crushed elements. 3) Numerical instabilities are

possible as a result of the knee in the load-displacement curve around d_. Following the initial

work with the spring elements, attempts were made to use these spring elements directly in

conjunction with composite shell elements to produce the desired crush modeling procedure.

However, this method failed to produce a useful model primarily because of problems in

implementation through the user subroutines. It was not possible to effectively pass data

between shell and spring elements. Therefore, the next step was to model the crushing response

entirely using shell elements.

The primary difficulty with this approach relates to the need to switch between conventional

laminate behavior and averaged crushing behavior within an element. Whereas conventional

composite shell elements use properties defined on a ply-by-ply basis, the crushing element
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should have a bulk property defined only for the entire laminate thickness. To overcome this

problem, a modeling approach is used whereby parallel meshes of elements sharing common

nodes are used. One mesh contains conventional composite shell elements. The other mesh uses

specialized shell crushing elements with a stress-strain response similar to the idealized crushing

curve in Figure 33 for loading in a preferred crushing direction only. Initially, all elements in the

conventional composite mesh are active, and obey their standard stress-strain response; and only

a single layer of crushing elements is active. Inactive crushing elements possess only a marginal

stiffness. When a trigger element is fully crushed, a signal is sent to the adjacent composite

element to kill it, and simultaneously a signal is sent to the adjacent crush element to activate it

and have it take over the stress carried by the depleted trigger element. In this way, crushing

may be triggered throughout the mesh in a progressive fashion. A schematic drawing of the

meshing concept is shown in Figure 34(a). Dashed lines indicate nodes that are shared by

elements in the two meshes. Considering only the numbered column of elements in Figure

34(a), initially all normal shell elements (N1-N5) are active, but only crushing element CO is

active. If the maximum crushing strain in element CO is reached, elements NI and CO are

deleted and element C1 is activated. Some difficulties were found using this method in the form

of Figure 34(a). Because the maximum crushing strains are desired to be extremely large, the

time step of the solution will become very small as a Cn element reaches its maximum strain.

Also, if a crushing element is deleted at a relatively small strain (such as 50%) spurious dynamic
effects will be introduced as the mesh above the deleted element relaxes and is then reloaded

upon the initiation of contact with the following elements. To overcome these difficulties, two

offset meshes of crushing elements are used, as illustrated in Figure 34(b). By this approach, the

initially active trigger element C12 will be exhausted when it reaches 50% crushing. Then,

element N1 and Clj are deleted and C21 is activated. Element C21 will immediately pick up the

crushing stress carried by element Cll prior to hand-off. If C21 subsequently reaches 50% crush,

it will deactivate itself and element N2 and will activate crushing element C 12.

Development and evaluation of a procedure to implement this modeling scheme was

implemented using the EXCOMP procedure in MSC.Dytran. Results were first generated using

a simple coarse mesh of a flat pate using material property data typical of graphite/epoxy. Due

to difficulty with transferring information between elements, the normal crushing elements were

programmed into the same EXCOMP subroutine defining the crushing elements. Because of

difficulties in programming failure criteria into the user subroutine, the "normal" composite

elements used in this models contain linear elastic plies (no failure).

Results are shown in Figures 35 through 39. Figure 35 shows displacement shapes for the

simple coarse plate model illustrating the potential for modeling large crushing displacements. A

rigid wall, not visible in the figure, is included at the bottom of the model and load is introduced

through a constant velocity constraint at the top of the model. No other boundary conditions are

applied. Force versus displacement is shown in Figure 36 for this model. This force is obtained

from Dytran as the rigid wall contact force. Viscous damping (VDAMP) was used in the model

to reduce the fluctuations in the load response and produce a result more representative of a

quasistatic crush test. A number of load spikes are evident in the complete load-displacement

curve shown in Figure 36(a). These result from two events: 1) the element in the crush front in

the lagging crush mesh retains some nominal stiffness while it is not being crushed. Initial

contact between this element and the rigid wall produces a load spike, and 2) handoff between
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crashfront elements in the C1 and C2 crushing meshes correlates with load spikes. This noise

was initially very troubling, and was studied in greater detail. Figure 36(b) shows a portion of

the wall force versus displacement curve highlighting a single handoff event, with data collected

more frequently than in Figure 36(a) to better illustrate the response. Figure 37(a) shows the

stress versus displacement data for the first two crushing elements to impact the wall and Figure

37(b) shows stress versus time for the first plies in the two composite elements nearest the wall.

The vertical line around a displacement of 7mm in Figure 37(a) shows the point where element

Cll goes from a crush stress of 100MPa to zero and C21 simultaneously goes from 0 to 100MPa.

From these results, it appears that the load spikes evident in the wall force plot are primarily an

artifact of the contact modeling procedure and are not indicative of the magnitude of the

response calculated internally to the structure. Problems associated with handoff, however,

remain a matter of concern.

To further evaluate the success of the procedure, models of the truncated cone specimens

crushed under quasistatic conditions [34,35] are made. (These are the same truncated cone

specimens modeled using LS-DYNA and described in the previous section). Because these

specimens are relatively simple yet exhibited a range of crushing conditions around their cross-

section due to the geometric variation of the loading geometry they make an ideal test case.

Only a limited number of truncated cone models were produced. These are 1° taper cones

loaded at angles of 5 ° and 10 ° relative to their axes (see Figure 25). The loading rate used in

these preliminary models is considerably greater than the quasistatic loading rate used in the

experimental tests. VDAMP is again used to facilitate correlation between experimental and

finite element results.

The displacement history for the 5 ° cut cone model is shown in Figure 38. This model shows

progressive crushing occurring over approximately 50mm of displacement. In the last figure in

the sequence, progressive crushing ends and an unrealistic global deformation shape occurs.
This results from an artifact of the mesh geometry. Because the test specimens were triggered at

both ends, triggers were included on both ends in the finite element model. In the current

implementation crush elements must be associated with a single trigger, thus the model is limited

to a total crushing depth of 50mm from either end. The awkward deformation shape in the last

time step shown results from the lack of a failure model for the composite elements. The finite

element load displacement curve shown in Figure 39 is in reasonable agreement with

experimental results for small displacements. Note that the experimental specimen suffered a

global instability, and toppled over at a displacement of about 20 mm. Prior to this event, the

loads are in good agreement. After 50 mm of crushing the finite element load increases

unrealistically due to the effect noted above. Results for the 10 ° cut tube are shown in Figure 40.

Progressive crushing is not demonstrated for this case. Failure of the end occurs due to folding
of the elements. Better results for this case might be obtained if conventional laminate failure

were included in the model. Additional development efforts were pursued, but unexpected

difficulties in implementation prevented further progress.
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CONCLUSIONS

The problem of laminate crush modeling was addressed through efforts to develop a novel

hybrid crush modeling strategy and associated experimental testing.

In the experimental program, 13/I7/8552 graphite/epoxy specimens were crushed using a plate

fixture and through a column specimen with an "X-shaped" cross-section. The x-column test is

a useful and simple method for testing flat composite laminates. Stable crushing was achieved

using the x-column specimen provided an adequate trigger was present and the overall specimen

geometry was such that global buckling was prevented. The X-column specimen provides a

relatively simple alternative to plate crushing. Although specimen fabrication is more complex

that for plate crushing, no fixture is required and the testing procedures are essentially the same

as for simple tube specimens. This specimen is proposed in the present study for purposes of

assisting the validation of finite element composite crush models. The benefits of the X-column

specimen for this purpose is a greater ability to examine the evolution of damage within the

specimen during crushing than is possible with alternate specimen geometries. This is

particularly true for materials similar to that examined in this pilot study that crushed in a mode

dominated by ply separation and localized instability of sub-ply groups and delaminated

elements. In addition, by altering the specimen geometry, the overall stability of the specimen

can be altered to make global instability either a crucial part of the response or relatively

insignificant. Because of the nature of crush loading in real structures, it is essential for accurate

crash modeling that the interaction between global instability and local crushing failure modes be

possible to model. This specimen allows such interactions to be studied in a controlled fashion.

Finite element models of laminate crushing were made using the existing Enhanced Composites

Damaging model in LS-DYNA and, for limited cases, through a new hybrid crushing element

procedure. For simple structural cases, the LS-DYNA models produced good correlation with

experimental load-displacement results although the deformation shapes were not accurately

modeled. The crashfront procedure contained in the LS-DYNA model did not appear to be

effective for the cases modeled beyond initial triggering. Rather, modeled deformation was in a

progressive folding mode. Thus, the use of this model as part of a predictive finite element crash

model is suspect.

The hybrid crush element shows promise for crush modeling by allowing for direct empirical

representation of laminate crushing as part of a finite element model. Substantial issues remain

to be resolved before this method becomes a practical alternative for crash modeling. In

particular, remaining problems include the following: Off-axis properties of the crush elements

must be addressed in a systematic way. In the present models, arbitrary large values of off-axis

properties were used. The specific choice of these properties, however, influences the stability

of the elements in the crashfront region and can therefore alter the overall crushing behavior

modeled. Second, an effective element including conventional ply failure and degradation rules

must be developed. This is necessary before complete validation of the modeling approach can

be made. Finally, it is observed that the difficulty in implementing the proposed procedures

through user subroutines is such that further development would be better implemented with
direct access to the source code.
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TABLES

Table 1

Lay-up

[___452/02]s

[+453/03]s

[___452/05]s

Test data from plate crushing specimens, modified from Reference 28

Trigger

Steeple *

Steeple &

Notch

Steeple &

Slits

Steeple &

Slits

Steeple

Steeple &

Notch

Steeple &

Slits

Steeple &

Slits

Steeple

Steeple &

Notch

Steeple &

Slits

Steeple &
Slits

Average Crushing

Load (kN)

20.1

Peak Load

(kN)

Trigger
Ratio

18.3

17.1

27.6

34.1

32.5

31.4

22.3

52.9

49.3

53.5

36.8

32.0

26.3

78.5

50.7

63.4

61.5

81.8

57.3

65.3

1.8

1.7

1.5

2.8

1.5

2.0

2.0

3.7

1.1

1.2

SSCS

(kJ / kg)

57.1

51.7

48.5

49.9

61.1

58.8

56.0

42.2

99.8

84.0

99.0
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Table 2 Specific Sustained Crushing Stress (SSCS) for X-column specimens

Specimen Lay-up Trigger Height Nominal C/S SSCS

Designation [in] Dimensions [kJ/kg]

[in×in]

Plain 2 2x2 37.8, 24.7*
Xl-lb [-+453/03]s Chamfer

Plain +
X1-2 [+-453/03]s Notch 3 3x2 27.7

Plain

X1-3 [-+453/03]s Chamfer 3 3x2 23.7

Plain
X2-1 [(+_.45/0)3]s Chamfer 2 3x2 NA

Plain
X2-2 [(-45/0)3]s Chamfer 3 3x2 45.7

Plain 3 2x2 67.4, 62.1"
X2-3 [(--45/0)3]s Chamfer

Plain

X2-4 [(---45/0)3]s Chamfer 3 3x2 47.6

* Two values given, the first calculated based on performance prior to global failure, the second based on
the complete data set, as described in the body of the report.

24



Table 3 Comparison of experimental and LS-DYNA results for plate crushing [28]

TEST RESULTS

Lay-Up
Average Peak

Crushing Load Trigger
Load. Ratio

kN
kN

[+-452/02]s 20.1

[+453] 03]s 34.1

[-+452/05]s 52.9

36.8

50.7

57.3

SSCS
kJ/

kg

FE RESULTS

Average Peak
Crushing Load

Load.
kN

kN

1.8 57.1 22.7

1.5 61.1 30.0

1.1 99.8 35.2

50.0

85.7

98.5

SSCS
Trigger kJ/

Ratio
kg

2.2 64.3

2.8 51.2

2.8 66.6
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Table 4 Comparison of results for LS-DYNA models and experimental results for

truncated cone specimens [28,35]

Lay Up Taper

Angle

Load

Angle

TEST RESULTS

Average
Crushing

Load. kN

SSCS

kJ/kg

FIE RESULTS

Average
Crushing

Load. kN

SSCS

kJ/kg

[_+45/O]s 1o 0 o 13.1 57.1 11.0 48.1

1° 5° 14.5 63.0 15.2 66.1

1° 10 ° 11.9 51.9 13.7 59.2

5 ° 5 ° 9.4 48.1 8.1 43.8

10 ° 5 ° 7.5 42.1 8.3 46.8
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FIGURES

Figure 1 Crushing damage observed in a glass fiber composite tube after load removal
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Figure 2 Modified plate crushing fixture based on the design in Reference 25 shown in

operation
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Figure 3 Test set-up for plate crushing (from Reference 28)
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COMPARATIVE LOAD-DISPLACEMENT DATA

WITH RESPECTIVE TRIGGER MECHANISMS
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Figure 5 Comparison of plate crushing response using steeple chamfer and modified

triggers (from Reference X)
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Figure 6 Typical x-column crushing specimen
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Figure 7 Aluminum mold used for the production of X-Column specimens
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Figure 8 Lay-up and vacuum bagging procedure for X-column specimens
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Figure 12 Instability in specimenXI-1 shortlyafter triggering
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Figure 13 Triggering in specimen with chamfer + notches crushing trigger
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Figure 15 Photographsfrom testingof specimenXl-3
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Figure 17 Load-displacement response for X-column specimens with a [(--*45/0)3]s lay-up
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Figure 18 Crushingof specimenX2-3showingrelativelylow levelsof damagein the
deofrmedfronds.
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Figure 19 Detailof crushingfrom specimensX2-2,X2-3,and X2-4, respectively,
showinglocalizeddamagein thecentralportion of the laminate
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Figure20 Damagestatein eachof thefour armsof specimenX2-2at approximatelythe
samecrushingdisplacement(thetwo longerarmsareshownon the left and thetwo

shorterarmson theright)
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Figure21 Through-thicknesscollapseof laminatesin specimensX1, X2, and X4,
respectively
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Figure22 Crushingof specimenX2-2 (Notethat different portionsof thespecimenare
representedin thevariousphotographs)
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Figure 26 Crushing sequence of graphite/epoxy truncated cone (1 ° taper, 5 ° loading

angle)

52



_ _ii:!_ii! _iii_ii!/:__• i i •

Figure 27 Deformed shapes of truncated cone specimens loaded by planes offset by 5 ° to

the cone axis modeled using LS-DYNA Material 55 (enhanced composite damaging
model)
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Figure 33 Idealized force-displacement curve
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Figure 35 Deformation sequence for a rectangular plate showing progressive crushing

damage
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Figure 38 Displacement sequence for a model of a 1° taper, 5 ° cut truncated cone

crushing specimen
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crushing specimen from Dytran crushing model (top) and experimental result (bottom)
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Figure 40 Displacement sequence for a model of a 1° taper, 10 ° cut truncated cone

crushing specimen
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